Background: In a phase III trial in patients with castration-resistant prostate cancer (CRPC) and bone metastases, denosumab was superior to zoledronic acid in reducing skeletal-related events (SREs; radiation to bone, pathologic This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/ ), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com fracture, surgery to bone, or spinal cord compression). This study reassessed the efficacy of denosumab using symptomatic skeletal events (SSEs) as a prespecified exploratory end point.
introduction Skeletal-related events (SREs) are an objective, clinically relevant end point for the evaluation of disease-related complications in patients with bone metastases [1] . In most clinical trials, SREs have been defined as radiation to bone, pathologic fracture, surgery to bone, or spinal cord compression [2] [3] [4] . Among patients with prostate cancer and bone metastases, SREs are associated with a significant decrease in patient function and health-related quality of life [5] . The regulatory approval of several bone-targeted agents, including pamidronate, zoledronic acid, and denosumab, has been supported by their ability to reduce SREs [6] [7] [8] [9] [10] .
Denosumab is a fully human monoclonal antibody against RANK ligand. In a phase III trial in patients with castrationresistant prostate cancer, treatment with denosumab was associated with a significant delay in the time to first on-study SRE (defined as radiation to bone, pathologic fracture assessed either clinically or through routine radiographic scans, surgery to bone, or spinal cord compression) compared with zoledronic acid (median, 20.7 versus 17.1 months) [11] . In that trial, first on-study pathologic fractures accounted for ∼15% of first SREs; most pathologic fractures were identified by scheduled skeletal surveys (at baseline and every 12 weeks on study) and did not require the presence of symptoms.
Recent phase III trials in patients with metastatic prostate cancer have used a new end point termed symptomatic skeletal events (SSEs), defined as radiation to bone, symptomatic pathologic fracture, surgery to bone, or symptomatic spinal cord compression [12] [13] [14] . In contrast with SREs, ascertainment of SSEs does not include scheduled radiographic assessments. SSE-based primary end points will be used in a phase III trial of radium-223 combined with abiraterone acetate in patients with castration-resistant prostate cancer and bone metastases (ClinicalTrials.gov, NCT02043678). The relationship between SREs and SSEs as measures of skeletal complications is undefined. The objective of this analysis was to assess SSEs as a prespecified exploratory end point in the pivotal phase III trial of denosumab versus zoledronic acid in patients with castrationresistant prostate cancer and bone metastases.
patients and methods
patients This is an analysis of patients from a randomized, double-blind, phase III trial (ClinicalTrials.gov, NCT00321620) [11] . Eligible patients were men (aged 18 years) with histologically confirmed prostate cancer, serum testosterone <50 ng/dl following chemical/surgical castration, prior hormonal therapy, radiographic evidence of bone metastasis, Eastern Cooperative Oncology Group (ECOG) performance status ≤2, and adequate renal and hepatic function. Patients were excluded if they had any prior denosumab or bisphosphonate treatment, investigational product exposure or participated in another clinical trial within the previous 30 days; planned radiotherapy or surgery to bone; brain metastasis; osteonecrosis or osteomyelitis of the jaw or jaw condition requiring oral surgery; nonhealed or planned dental/oral surgery; or life expectancy <6 months. Patients provided written informed consent; the study protocol was approved by each site's ethics committee.
study design and treatment
Patients were randomly assigned to receive either subcutaneous denosumab 120 mg plus i.v. placebo every 4 weeks or subcutaneous placebo plus i.v. zoledronic acid 4 mg every 4 weeks. Zoledronic acid doses were adjusted for renal function per the label using the Cockcroft-Gault formula and withheld for significant renal deterioration during the study. Denosumab doses were not adjusted. Daily supplementation with calcium (500 mg) and vitamin D (400 IU) was recommended unless hypercalcemia developed. Randomization was stratified by previous SRE (yes versus no), prostate-specific antigen (PSA) level (<10 ng/ml versus 10 ng/ml), and current (within 6 weeks before randomization) chemotherapy for prostate cancer (yes versus no).
statistical analysis
The primary end point of the phase III study was time to first on-study SRE (assessed as noninferiority), defined as radiation therapy to bone (including radioisotopes), pathologic fracture (excluding trauma), surgery to bone, or spinal cord compression as previously reported [11] . Radiographic skeletal surveys of the skull, spine, chest, pelvis, arm (from shoulder to elbow), and In this analysis, SSEs as a preplanned exploratory end point were defined as a subset of SREs considered symptomatic by the investigators at the time the event was first noted. Events that became symptomatic at a later date were not recorded in the database; therefore, they were not able to be included in the analyses of SSE. SSEs were defined as radiation to bone, symptomatic pathologic fractures, surgery to bone, or symptomatic spinal cord compression. Time to first SSE, defined as the time from randomization to first occurrence of SSE as noted by the investigators, was assessed using a Cox proportional hazards model stratified by the randomization stratification factors, with treatment groups as the independent variable. Patients without a known SSE were censored at the last date on study or at the primary analysis cutoff date, whichever came first. Time to a subsequent SSE was defined as the time from randomization to the subsequent SSE occurring 21 days after the previous SSE. The multiple event analysis (time to first and subsequent SSE) was assessed using an Andersen-Gill model stratified by the randomization stratification factors. There was no adjustment for multiplicity in the analyses.
SSEs and SREs by type (radiation to bone, fracture, surgery to bone, spinal cord compression) were also summarized. For first skeletal events, data for each type of SRE/SSE were assessed without considering when the other event types occurred. For first and subsequent events, if multiple event types occurred on the same day, only one was selected because they were typically related (e.g. surgery to bone following symptomatic pathologic fracture); the following hierarchical order was used: (i) spinal cord compression, (ii) surgery to bone, (iii) fracture, and (iv) radiation to bone. For these reasons, some first and subsequent event types may not have been counted, resulting in a lower incidence than for first skeletal events (see Table 1 ). The data for the first SSE/SRE by type of first SSE/SRE were also presented with consideration of when the other event types occurred (see Table 2 ).
Among patients with no/mild pain at baseline, the association between first on-study SSE or SRE and time to moderate or severe pain (>4-point worst pain score per the Brief Pain Inventory Short Form) [15] was assessed using a Cox proportional hazards model with the first on-study SSE or SRE (as a time-dependent covariate), respectively, and with the baseline covariates (including number of baseline bone metastases, baseline analgesic score, baseline worst pain score, region, ethnic group/race), and stratified by treatment and the randomized stratification factors. Patients' first on-study SSE/ SRE was assessed beginning 28 days before the SSE/SRE occurrence. results patients Overall, 951 patients randomized to zoledronic acid and 950 patients randomized to denosumab in the phase III study were evaluable for efficacy in the primary analysis. As reported previously [11] , age, ECOG performance status, and the randomization stratification factors (baseline PSA 10 ng/ml, chemotherapy ≤6 weeks before randomization, and previous SRE) were balanced between treatment arms.
incidence of symptomatic skeletal events and skeletal-related events
In a comparison of SSE and SRE as end points, there were 296 fewer first on-study SSEs than first on-study SREs (641 versus 937, respectively), and there were 340 fewer first and subsequent on-study SSEs than first and subsequent on-study SREs (738 versus 1078; Table 1 ). As anticipated, first on-study pathologic fractures were less numerous when defined as SSE than when defined as SRE (36 versus 328), as were first and subsequent onstudy fractures (32 versus 391). In addition, the numbers of first on-study surgery to bone, first radiation to bone, and first spinal cord compression were similar when defined as SSE or SRE.
symptomatic skeletal events and skeletal-related events by treatment group
The numbers of patients with first on-study SSE were fewer in the denosumab arm (n = 241) versus the zoledronic acid arm (n = 289; Table 2 ); similar results were observed for patients with a first on-study SRE. Among the patients with a confirmed first on-study SSE, the numbers of patients in the denosumab and zoledronic acid arms with each event type (radiation to bone, symptomatic pathologic fracture, surgery to bone, and symptomatic spinal cord compression) were similar except for radiation to bone, which was less frequent in the denosumab arm than in the zoledronic acid arm (203 versus 233); similar results were observed for patients with a first on-study SRE.
First and subsequent on-study SSEs occurred in fewer patients in the denosumab arm (n = 329; 0.35 mean events per patient) versus the zoledronic acid arm (n = 409; 0.43 mean events per patient; Table 2 ); similar results were observed for patients with first and subsequent on-study SREs. Among the patients with first and subsequent on-study SSEs, the numbers of patients in the zoledronic acid and denosumab arms with each event type were similar except for radiation to bone, which was less frequent in the denosumab arm than in the zoledronic acid arm (272 versus 341); similar results were observed for patients with first and subsequent on-study SREs.
risk of symptomatic skeletal events and skeletal-related events
Compared with zoledronic acid, denosumab reduced the risk of first on-study SSE by 22% [HR, 0.78; 95% confidence interval (CI) 0.66-0.93; P = 0.005; Figure 1A ]. Similarly, denosumab reduced the risk of first and subsequent on-study SSE by 22% versus zoledronic acid (rate ratio, 0.78; 95% CI 0.65-0.92; P = 0.004; Figure 1B ). The median time to first on-study SSE was not reached in the denosumab arm and was 24.2 months in the zoledronic acid arm. As previously reported [11] , denosumab reduced the risk of first on-study SRE, as well as the risk of first and subsequent SRE, by 18% versus zoledronic acid.
effect of first skeletal-related event and symptomatic skeletal event on time to moderate or severe pain (>4-point worst pain score)
Among patients with no/mild pain at baseline, the risk of developing moderate to severe pain on study was increased for patients with a first on-study occurrence of either an SSE (HR, 3.07; 95% CI 2.34-4.03; P < 0.0001) or an SRE (HR, 2.09; 95% CI 1.69-2.58; P < 0.0001; Figure 2 ).
discussion
In this analysis of a phase III trial in patients with castration-resistant prostate cancer and bone metastases, treatment with denosumab was associated with a reduced risk of skeletal complications compared with zoledronic acid regardless of whether the end point evaluated was SSE or SRE. The observed treatment effect for denosumab was similar whether skeletal complications were defined as SSE (22% risk reduction) or SRE (18% risk reduction) [11] . Both SSEs and SREs were associated with an onset of moderate or severe pain among patients with no/mild pain at baseline. Our observation that denosumab reduced the risk of skeletal complications similarly whether defined as SSE or SRE is consistent with the results of other studies of bone-targeted agents. In phase III studies of zoledronic acid in patients with metastatic prostate cancer, the extent of the reduction in skeletal complications by zoledronic acid versus placebo appears to be similar whether defined as SSE (12% reduction) [14] or SRE (9% reduction) [16] .
SSEs include symptomatic pathologic fractures but not asymptomatic, radiographically identified fractures, and it has therefore been argued that SSEs may be a more clinically relevant end point. However, evidence from an analysis of a multicenter, randomized trial of zoledronic acid in patients with prostate cancer and bone metastases suggested that any SRE (radiation to bone, pathologic fracture, spinal cord compression, surgery to bone, or change in antineoplastic therapy to treat bone pain) ultimately has the potential to decrease patientreported quality of life [5] . In this population of patients with Figure 2 . Effect of first on-study SSE and SRE (versus no SSE or SRE, respectively) on the risk of time to >4-point worst pain score (moderate or severe pain) in patients with no/mild pain at baseline. N designates the number of patients with baseline worst pain score ≤4 points; n designates the number of patients with a first on-study SSE/SRE, beginning 28 days before the SSE/SRE occurrence. Several studies have shown evidence of benefit from bone-targeted therapy in patients with bone metastases [17] . In an analysis of phase III trials in patients with bone metastases from solid tumors (other than breast or prostate cancer), treatment with denosumab was associated with a reduced risk of SREs, as well as delayed time to moderate or severe pain, worsened pain, and increased pain interference versus zoledronic acid among patients without pain at baseline [18] . Similarly, in a combined analysis of three phase III trials in patients with bone metastases from breast cancer, castration-resistant prostate cancer, or other solid tumors, treatment with denosumab was associated with delayed time to moderate or severe pain and pain interference among patients without pain at baseline, and a reduced risk of worsened health-related quality of life versus zoledronic acid [15] . Treatment with denosumab was associated with delayed time to increased pain interference, as well as greater cancerspecific quality of life versus zoledronic acid [19] . The benefit of denosumab has also been demonstrated in patients previously treated with a bisphosphonate [20, 21] .
Our analyses of SSEs excluded asymptomatic fractures and asymptomatic spinal cord compression identified by studyspecified scheduled radiographic assessments. The required radiographic assessments, however, may have resulted in increased ascertainment of symptomatic events prompted by more intense clinical evaluation following an abnormal imaging study. Any study that requires scheduled radiographic assessment shares this potential limitation of ascertainment bias for determination of 'symptomatic' skeletal events. Alternatively, because any skeletal event has the potential to become symptomatic over time, this study may have underestimated the number of symptomatic fractures for some patients.
In summary, denosumab reduced the risk of skeletal complications compared with zoledronic acid in men with castrationresistant prostate cancer and bone metastases regardless of whether the end point was defined as SSE or SRE. Both SREs and SSEs were associated with development of moderate/severe pain among patients with no/mild pain at baseline. These analyses provide further evidence for the superior ability of denosumab to prevent skeletal complications versus zoledronic acid.
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